Results. Persons with left hemisphere damage performed more poorly on HVLT-R than controls. They showed poorer immediate recall, delayed recall, recognition, and learning, but intact retention, suggesting an encoding impairment. BNT and LNS scores predicted recall in this group. HVLT-R performance of persons with right hemisphere lesions only was comparable to controls. BNT (not LNS) predicted recall in these groups.
Conclusions. Persons with left hemisphere damage relied more on working memory and recruited diverse left hemisphere regions to compensate for their impaired encoding.
Implications. Tasks requiring verbal encoding and memory are effortful following left hemisphere stroke. This should be recognized and accommodated.
. 
Verbal learning and memory following stroke
The capacity to learn and to remember what we have learnt is fundamental to human functioning. It is often taken for granted until it is lost or impaired following brain damage due to trauma or degeneration. The current research examined verbal learning and memory following stroke. By examining the predictors of verbal learning and memory, we also sought to understand whether people who have suffered a stroke employ the same cognitive processes as unimpaired people (i.e., those associated with regions of the left temporal lobes) or whether they might employ additional processes (i.e., working memory) that recruit more diverse brain regions.
Verbal learning and memory is often assessed using tests such as the Hopkins Verbal Learning Test-Revised (HVLT-R) [1, 2, 3] . In this test, a list of words is read aloud, then the test taker attempts to recall the words in any order. The 12-word list consists of four words from each of three semantic categories (e.g., precious stones, four-legged animals, and dwellings). The same words are presented three times and each presentation is followed by a recall attempt. Learning is indicated by improvement in recall across trials. There is also a delayed free recall test and a recognition test.
Verbal learning and memory in the HVLT-R and similar tests require encoding and consolidation of verbal information for subsequent retrieval. These processes have been shown to depend primarily on regions within the left hemisphere of the brain [4] . The medial temporal lobe (MTL) system has been identified as important for encoding, consolidation and retrieval functions [4] . Frontal regions might also be involved in encoding. A functional imaging study [5] observed predominantly left-lateralised activation in both frontal and MTL regions during encoding of novel verbal stimuli.
The importance of left hemisphere regions in verbal learning and memory is supported by Schouten, Schiemanck, Brand, and Post's [6] research. They found that one The current research extends that of Schouten et al. [6] in several ways. First, the current research included unimpaired participants as well as people who had suffered a stroke. Schouten et al.'s research did not include unimpaired participants so it is unclear whether right hemisphere stroke also results in impairment. Second, our research examined whether the impairments evident in Schouten et al.'s patients one year after left hemisphere stroke are also evident after a longer time interval. In order to examine this issue, we examined verbal learning and memory in people who had suffered a stroke in the more distant past. Therefore our patients had had more time to develop strategies to compensate for stroke-related impairments. However, to the extent that recovery is less than complete, impaired verbal learning and memory should be still evident in those who have suffered a left hemisphere stroke.
Third, we also examined two potential predictors of verbal learning and memory: working memory and picture naming, which like the HVLT-R involve encoding and/or retrieval of verbal material. Working memory was assessed using the Letter Number Sequencing (LNS) subtest of the Wechsler Adult Intelligence Scale-third edition (WAIS-III) [7] . In this test, digits and alphabetic letters are presented in a mixed order. Respondents are required to report the digits in ascending order then the letters in alphabetic order. The digits and letters must be encoded and maintained in working memory, while they are sorted and F o r P e e r R e v i e w O n l y then reported in the correct sequence. Thus, encoding, manipulation, and retrieval of verbal material are required. Working memory tasks are thought to rely on networks in the frontal and parietal regions of the brain and there is evidence for left lateralisation of verbal working memory. For a review see [8] . A recent event-related potential study [9] examined the brain regions involved in LNS. In the healthy controls, LNS performance correlated with long interval intra-cortical inhibition over the dorsolateral regions of the prefrontal cortex.
The HVLT-R and LNS both require encoding of verbal material. However, the encoding demands are likely be lower in the HVLT-R because the same conceptually-related words are used on all trials. Repetition of the words and the conceptual relations between them should facilitate encoding. Conceptual relations would also facilitate retrieval [10] . In working memory tasks there is no repetition of stimuli. In the LNS, different letters and numbers are presented on each trial so the stimuli remain novel. This led us to predict that in unimpaired individuals, working memory capacity as assessed in the LNS, would not be a strong predictor of verbal learning and memory as assessed by the HVLT-R.
In the Boston Naming Test (BNT) [11] , test takers are required to name common objects that are depicted in line drawings. Among other processes, picture naming requires recognition of the objects and retrieval of lexical-semantic information (object names) from long-term memory. In a voxel-based lesion symptom mapping study of participants who had suffered a single left hemisphere stroke [12] , picture naming on the BNT depended on a large network of regions, including portions of the left anterior to posterior middle temporal gyrus and superior temporal gyrus and underlying white matter, as well as inferior parietal cortex.
When factors related to speech production and visual perception were controlled, lexicalsemantic retrieval was most dependent on the mid-to posterior portion of the middle temporal gyrus and underlying white matter. A process common to verbal learning and memory and to picture naming tasks is retrieval of lexical-semantic information. The HVLT-R requires retrieval of recently encoded, conceptually-related words, whereas the BNT requires retrieval from semantic memory of object names that would have been encoded long ago. To the extent that the retrieval demands are comparable, we might expect picture naming to be a significant predictor of verbal learning and memory in the HVLT-R, at least in individuals with intact left hemispheres.
However the pattern might differ for individuals who have suffered a left hemisphere stroke. Damage to brain regions employed in verbal learning and memory prior to stroke might mean that other less specialised regions are co-opted to help compensate for the damage [13] . In the current study, the time that had passed since stroke occurred was sufficient to allow our participants to develop compensatory strategies. In functional imaging studies of cognitive aging, positive associations are frequently observed between levels of activation in prefrontal cortex and memory performance. Such findings have been interpreted as reflecting compensatory processing whereby older adults rely on strategies mediated by the prefrontal cortex to compensate for declines in processing mediated by more posterior regions [13] . Thus stroke patients with damage to the left hemisphere might employ working memory processes of the prefrontal cortex to encode words in verbal learning tasks such as the HVLT-R. If so, working memory should be a significant predictor of HVLT-R performance. Picture naming should be a significant predictor of HVLT-R performance for the same reasons as in people without left hemisphere damage.
Method

Participants.
The sample consisted of 41 people who had suffered a stroke and 41 people who had not. The first language of all participants was English. The unimpaired participants were Table I -
Insert Tables I and II here
Measures and Procedures.
The tasks described below were administered as part of a larger battery, by one of two female research assistants, who had previous experience working with patients with brain injuries. All testing was conducted in the participants' homes. Institutional ethics approval for the research was obtained and all participants provided informed consent. The recognition test was presented after the delayed recall test. The examiner read aloud 24 words, twelve of which had been presented previously (targets) and twelve of which had not (distractors). Participants were instructed to say 'yes' after each target word and 'no' after each distractor. The recognition score was the sum of the correct yes and correct no responses (maximum score = 24). A discrimination index (maximum score = 12) was also computed by subtracting the number of false positives (yes responses to distractors) from the number of true positives (yes responses to targets).
Hopkins Verbal Learning Test Revised
Letter Number Sequencing (LNS) sub-test of the WAIS [7] was used to assess verbal working memory capacity. Mixed lists of letters and numbers (e.g., F -4 -B -7)
were read aloud by the examiner. List length was two at the outset, and increased by one after every three trials. Respondents were required to first repeat the numbers in ascending order, and then the letters in alphabetical order (e.g., 4 -7 -B -F). Possible scores ranged from 0 to 21.
Boston Naming Test (BNT) [11] is a test of confrontation naming. It consists of 60
line-drawings of common objects. Respondents were allowed 20 seconds to name each drawing. Stimulus cues (e.g., the object's function) were offered to correct for misperception errors. When necessary, these were followed by phonemic cues, which provide the first phonemes of the word, facilitating lexical retrieval. The total score on the test was the number of correct responses produced spontaneously and with the aid of stimulus cues (maximum score = 60). .34).
Results
- Table III about here Planned contrasts showed that discrimination was significantly more accurate in the control group than in the stroke group with left hemisphere damage (p =.035), but the control group and the stroke group with right hemisphere damage only did not differ significantly (p = .189).
Predicting HVLT-R performance. Separate regression analyses were conducted for control participants, stroke patients with right hemisphere damage only, and for the stroke patients with left hemisphere damage. In the first set of analyses, the criterion was total recall (summed across trials 1, 2, 3 and delayed) and the predictors were BNT and LNS scores.
These analyses are summarised in Table IV -
------------------------------------------------------------------------------------------
Insert Table IV here 
-------------------------------------------------------------------------------------------
In the second set of analyses, the criterion was recognition and the predictors were BNT scores and LNS scores. These analyses are summarised in accounted for significant unique variance, but BNT did not. Thus, LNS was a significant predictor of HVLT-R recognition only for patients with left hemisphere damage.
Insert Table V -
------------------------------------------------------------------------------------------
Discussion
Relative to stroke patients with damage to the right hemisphere only, those with left hemisphere damage had poorer overall recall, but recognition performance was comparable.
This replicates and extends the finding of Schouten et al.'s research [6] in which patients
were assessed one year after their stroke. Given that the average time since stroke occurrence was 7.25 years in the current study, our findings suggest that the impairment is long-lasting rather than short-lived. Stroke patients with right hemisphere damage only did not differ significantly from the unimpaired control participants. Of course, it remains possible that 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Relative to unimpaired controls, patients with left hemisphere damage performed more poorly on the immediate recall, delayed recall and recognition tests of the HVLT-R and they showed poorer learning (i.e., less improvement in recall across trials). This suggests that their deficit reflects inadequate encoding rather than impaired retrieval. It is generally agreed that recognition tests impose minimal retrieval demands, whereas free recall tests impose higher retrieval demands [10; 17]. If the difficulty lay primarily with retrieval, then we might expect impaired recall but intact recognition. In contrast, if the difficulty lay primarily with encoding, then impaired recall and impaired recognition would be expected, because both depend on encoding [17] . The observed group differences are more consistent with the latter than with the former pattern. The finding that patients with left hemisphere damage showed no significant improvement in recall from trial 2 to trial 3, while significant improvement was observed in the unimpaired participants and the patients with right hemisphere damage only is also consistent with the interpretation that left hemisphere stroke patients experienced difficulty forming a durable representation of the verbal material. This encoding difficulty interpretation is further strengthened by the finding that the groups did not differ significantly in terms of the retention index. Thus the ability to maintain the material that was successfully encoded by trial 3 until the delayed recall test, appears to be unaffected by left hemisphere stroke.
The results of the regression analyses predicting HVLT-R performance in unimpaired participants were broadly consistent with expectations based on the encoding and/or retrieval demands imposed by the HVLT-R, LNS and BNT and previous research identifying the brain regions on which these processes rely. That is, BNT (but not LNS) was a significant predictor of HVLT-R recall and recognition performance, suggesting that unimpaired Stroke patients with right hemisphere damage only showed the same pattern, suggesting they approached the verbal learning and memory task in essentially the same way as the unimpaired participants.
However, for stroke patients with left-hemisphere damage both BNT and LNST were significant predictors of recall, and LNS (but not BNT) was a significant predictor of recognition performance. These findings suggest that stroke patients with left hemisphere damage recruited more diverse regions within the left hemisphere in learning and memorizing verbal materials. Specifically, these additional regions appear to include the left frontal and parietal regions that underpin working memory [8] . Future research might also examine the extent to which the effects of left hemisphere stroke as observed in the current study might be reduced through rehabilitation. As noted above, we had no information regarding the extent of the stroke patients' engagement in rehabilitation over the years since their discharge from hospital. However, given that such services are not easily accessible in Australia, it seems safe to assume that few if any of the stroke patients would have received such therapies on an ongoing basis, and that there would be no systematic difference between the stroke groups in this regard. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 F o r P e e r R e v i e w O n l y 3 Verbal learning and memory following stroke 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
